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'CORROSION EXPERIENCE WITH ALUMINUM 
POWDER PRODUCTS 

by 

J. E. Draley, W. E. Ruther, 
and S. Greenberg 

ABSTRACT 

Extrusions of aluminum alloy powder products were 
obtained from several sources and evaluated for corrosion 
res i s tance to high-temperature (260-350°C) water. 

Several types of tubing impact-extruded by ALCOA 
were tested. The stronger tubing (M655) failed very rapidly. 
The weaker tubing suffered extensive localized surface at
tack and penetration of the corrosion attack along the extru
sion direction after prolonged (~3 mo) exposure to 290°C 
water, A precorros ion heat t reatment was effective in r e 
ducing both types of attack on the weaker tubing. 

Armour Research Foundation supplied several types 
of tubing extruded through a bridge die. All tubes failed on 
prolonged (~8 mo) corrosion in 290°C water at the longitudinal 
bond lines. These lines were formed by the rejoining of the 
metal s t reams pas sing over the mandrel supports in the die 
during extrusion. 

Directly extruded tubing supplied by the Torrance 
Bras s Company also failed on extended exposure to 290°C 
water . 

Many experimental rod extrusions (from Armour Re
search Foundation and Trefimetaux) exhibited corrosion r e 
sistance to static 290°C water equivalent to that of wrought 
alloys. The Trefimetaux specimens were also tested in 
rapidly flowing water at 315°C. Under these conditions a 
corrosion rate significantly faster than for the wrought alloy 
was measured . 

INTRODUCTION 

The good corrosion res is tance of recently developed wrought alu
minum al loys\^ '^ / to low-velocity, h igh- temperature water suggests ap
plication in boiling water reac tors as a fuel-cladding mater ia l . Unfortunately, 
the mechanical proper t ies , par t icular ly the low creep strength of these 
wrought products, tends to limit their usefulness at t empera tures of 250 to 



300°C to those cases where the fuel mater ia l can provide additional strength 
o to designs which impose very low s t ress levels on the fuel elements . This 
Wta t ion ' cou ld be substantially reduced if it were P - ^ ^ ^ ^ ° f^-'̂ ^-"^^^-
taneously the corrosion resistance of the special wrought alloys and the 
mechanical strength of some aluminum powder products. 

Initial attempts at ANL to secure this desirable combination of 
properties(3) yielded products with wide variabili ty in corrosion res is tance 
to high-temperature water. Some samples gave very encouraging resul t s , 
but others manufactured in the same fashion were quite poor m corrosion 
resistance. Similar results were obtained with powder products fabricated 
by the hot rolling of laboratory atomized powder in an aluminum can. Since 
no experimental compacting and extrusion equipment was available at ANL 
at that time, it was arranged that Armour Research Foundation (ARF) in
vestigate the variables in the production of cor ros ion- res i s tan t aluminum 
powder products. At the end of the first year,(4) ARF had produced some 
rods with very promising corrosion resis tance to 350°C water. 

At about this time (early I960), prel iminary design studies were 
being made for refueling the Experimental Boiling Water Reactor ( E B W R ) . 
The reference design was for a free-standing fuel of uranium oxide pellets 
contained in a metal tube. There was an interest in aluminum-powder-
product tubes for this application, since they would provide data on a new 
fuel type rather than merely repeating the experience of other reac tors 
with Zircaloy or stainless steel tubes. Accordingly, the emphasis of the 
second-year contract with ARF was directed towards the production of 
tubing, starting with powder production. At that time there was no reliable 
source of powder with the low silicon content required. 

The Aluminum Company of America had also been engaged in a r e 
search program on corros ion-res is tant powder productsl^) and had experi
ence in extruding powder-product tubing to close tolerances for the organic-
moderated-reactor program. Two groups of tubes, impact extruded to the 
proposed fuel dimensions, were purchased from ALCOA for corrosion 
evaluation. 

One additional problem with the proposed use of powder-product 
tubing in the reactor was the end closure. Ordinary welding of aluminum 
powder products containing more than a small amount of aluminum oxide 
results in a poor joint and loss of the improved mechanical propert ies at 
the weld area. Atomics International had developed a eu tec t i c -p ressure -
bond techniqueV"/ that appeared suitable for use in organic-moderated r e 
actors, in which the corrosive attack on the aluminum is very slight. 
Arrangements were made for them to pressure-bond some end caps into 
our powder-product tubes for corrosion evaluation in high- temperature 
water. 



Before the accelerated corrosion evaluation program had been com
pleted, the original interest in providing a second loading for the EBWR 
had abated. However, corrosion testing of promising experimental extru
sions was continued and a few resul ts have been reported.('^) 

This repor t documents our corrosion experience with aluminum 
powder products and indicates the problems that can be anticipated in 
securing consistently high-quality reactor components of this type. 

EXPERIMENTAL 

Static corrosion testing was performed in continuously refreshed 
autoclave systems made from stainless steel. The refreshing water was 
saturated with oxygen at room temperature by first vacuum boiling and then 
sparging oxygen through the storage carboys. 

The dynamic tests also utilized a continuously refreshed system. 
A h igh-pressure canned-rotor circulating pump maintained the flow of 
liquid past the samples . A small pump continuously fed fresh water into 
the loop. As with the static autoclaves, a Grove back-pressure regulator 
maintained the p re s su re at several hundred psi above the vapor p ressu re 
of the solution. The discharge from the regulator went to the drain. 

Except for one dynamic test of tubing specimens, the aluminum 
samples were electr ical ly insulated from the stainless steel by artificial 
sapphire rods . 

The amount of unreacted metal remaining in corroded samples was 
determined by a destructive technique. A corroded sample was weighed and 
its remaining metal dissolved in methanol-iodine solution (lO gm I2 per 
100 ml CH3OH) at 50°C. Collecting and weighing the undissolved corrosion 
product made it possible to calculate the metal weight by difference. The 
corrosion oxide was separated from the very fine dispersed phases within 
the powder product by the use of a coarse sintered glass filter and by de
canting off most of the liquid (containing the very fine part ic les in suspension) 
prior to filtering. 

The flow diagram of Figure 1 i l lus t ra tes the steps in the produc
tion of tubing by ARF. For the pilot run of tubing described in this report , 
no part iculate additive was used. Although no details were available, it 
was assumed that a s imilar production scheme was also used by the other 
powder-product suppl iers . 

Because of the variation in the chemical composition of the various 
products tested, they will be described as resul ts are given in the next 
section. 



EXTRUSION 
3 mm OD ROD-TEST 

MOLTIN 
CORROSION RESISTANT 

ALUMINUM ALLOY 

SPRAY ATOMIZER 

BALL MILL [ ^ 

LUBRICANT 

REMOVAL 

COLO 
COMPACTION 

HOT 
COMPACTION 

EXTRUSION 
5 cm ROD 

EXTRUSION 
TUBING 

PARTICULATE ADDITIVE 

Figure 1. Flow Diagram for the ProdiiCtion of Powder-product Tubing 

DATA AND R E S U L T S 

Tubing 

Aluminum Company of A m e r i c a : In i t ia l ly , two types of i m p a c t ex 
truded tubing made f rom as a t o m i z e d (M654) powder and f rom b a l l - m i l l e d 
powder (M655) w e r e suppl ied. The object of the b a l l m i l l i n g was to i n 
c r e a s e the m e c h a n i c a l p r o p e r t i e s of the f inished p r o d u c t . Subsequen t ly , 
the same vendor a l so suppl ied a l imi ted a m o u n t of "modi f i ed" M654 tubing 
with improved m e c h a n i c a l p r o p e r t i e s . Al l of the t ubes w e r e 1,54 m long 
by 1.2 cm OD with a 0 .089-cm wal l t h i c k n e s s . O the r p e r t i n e n t da ta a r e 
given in Table I, 

Every effort was m a d e to obta in low s i l i con con ten t . Th i s e l e m e n t 
in t r a c e quant i t ies s ignif icant ly i n c r e a s e s the c o r r o s i o n of wrough t A l - N i -
Fe al loys in 350°C water.^•^' It i s a difficult e l e m e n t to e l i m i n a t e s i nce 
most of the r e f r a c t o r y m a t e r i a l s used to conta in and s p r a y m o l t e n a l u m i 
num contr ibute s m a l l amoun t s of s i l i con to the r e s u l t a n t powder . 

The M654 tubing was s u r p r i s i n g l y weak for a powder p roduc t . 
Wrought tens i le spec imens of the s a m e c o m p o s i t i o n have d e m o n s t r a t e d 
40% g r e a t e r u l t imate t en s i l e s t r e n g t h (UTS) a t 315°C. The M654 tubing 



w a s t h e r e f o r e too w e a k for i t s in tended a p p l i c a t i o n in the EBWR, The 
m e c h a n i c a l p r o p e r t i e s of the modi f ied M654 would have been m a r g i n a l , 
w h e r e a s the M655 tubing had a d e q u a t e s t r e n g t h for th i s app l i ca t i on . 

Table I 

PROPERTIES OF ALCOA POWDER-PRODUCT TUBING 

Type 

M654 

M654 
(Modified) 

M655 

Chennical Analysist l) 

Ni 

0,99 

1.01 

0.97 

F e 

0.57 

0.52 

0.86 

Ti 

0.09 

0.09 

0.09 

Si 

0.006 

0.007 

0.007 

Mechanical Proper t ies at 315°C 

UTS,(2) 
kg/mm 

2.8 

7,7 

12.7 

Yield, 
kg/mm 

2.0 

6.2 

10.5 

Elongation, 
% 

36 

21 

3 

vl/Percent by weight; remainder Al. 

(^'One kg/mm^ = 1422 psi. 

Unfor tuna te ly , the s t r o n g M655 p roduc t c o r r o d e d excep t iona l ly 
r a p i d l y in h i g h - t e m p e r a t u r e w a t e r . As m u c h a s 80% of the tubing wa l l was 
d e s t r o y e d wi th in 4 days a t 350°C. The c o r r o s i o n was not u n i f o r m f r o m 
spot to spot , and s o m e a r e a s w e r e m u c h m o r e r e s i s t a n t than o t h e r s . S h a r p 
l i nes of d e m a r c a t i o n out l ined t h e s e d i f ferent a r e a s . 

A m e t a l l o g r a p h i c e x a m i n a t i o n of the c o r r o d e d tubing r e v e a l e d no 
exp lana t ion for the e x c e p t i o n a l l y poor c o r r o s i o n r e s i s t a n c e . N u m e r o u s 
l a r g e i n c l u s i o n s wi th h a r d n e s s of R o c k w e l l 65C w e r e noted , but they did 
not a p p e a r to p lay a r o l e in the u n i f o r m but r a p i d a t t ack . The add i t i ona l 
i r o n con ten t of the M655 ( see Tab le I) p roduc t s u g g e s t s that t h e s e i nc lu 
s ions w e r e an i r o n - a l u m i n u m compound . It i s p r e s u m e d tha t i r o n w a s 
p icked up du r ing b a l l m i l l i n g and c o n v e r t e d to the compound du r ing hea t ing 
and e x t r u s i o n . 

M654 s p e c i m e n s in i t i a l ly showed c o r r o s i o n b e h a v i o r equ iva len t to 
tha t of the w r o u g h t a l loy of the s a m e c o m p o s i t i o n (A288), T h e r e w e r e 
s m a l l m o u n d s or b l i s t e r s in the d a r k coa t ing , but the c o r r o s i o n r a t e s w e r e 
qu i t e s a t i s f a c t o r y up to about 120 days ( see F i g u r e 2) of e x p o s u r e a t 290°C. 
I n c r e a s e d c o r r o s i o n of the cut ends of the tubing was noted a t th i s t i m e . 
C o r r o s i o n p e n e t r a t i o n and swel l ing of the s a m p l e edge p e r p e n d i c u l a r to 
the e x t r u s i o n d i r e c t i o n h a s p r e v i o u s l y been noted wi th powder p r o d u c t s . 
S p e c i m e n s t e s t e d a t 360°C suf fe red l e s s g e n e r a l a t t a c k ( see F i g u r e 2) and 
no swe l l ing of the cut e n d s . A t e s t t e m p e r a t u r e of 290°C a p p e a r s to be the 
m o s t s e v e r e for powder p r o d u c t s p r o d u c e d f r o m l o w - s i l i c o n a l loy p o w d e r s . 
T h i s i s not s u r p r i s i n g , s i nce th i s i s a l s o the t e m p e r a t u r e of m a x i m u m 
c o r r o s i o n for the wrough t a l loy . 
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106-6587 

Figure 2, Corrosion of Aluminum 

S p e c i m e n s of M 6 5 4 w e r e a l s o e x p o s e d fo r 29 d a y s a t 3 15°C t o w a t e r 

f l o w i n g a t 2 , 3 m / s e c . N o e v i d e n c e of c o r r o s i o n s w e l l i n g o r of a c c e l e r a t e d 

a t t a c k w a s n o t e d i n t h i s r e l a t i v e l y s h o r t e x p o s u r e . 

T h e c o r r o s i o n r e s i s t a n c e of t h e m o d i f i e d M 6 5 4 t u b i n g w a s i n f e r i o r 
t o t h a t of M 6 5 4 w h e n t e s t e d a t t e m p e r a t u r e s of 350°C a n d 2 6 0 ° C . F i g u r e 3 
i l l u s t r a t e s t h e a c c e l e r a t e d c o r r o s i o n of t h e cu t e n d s of t h e t u b i n g a t 2 6 0 ° C 
a n d t h e b e t t e r c o r r o s i o n r e s i s t a n c e o b t a i n e d a t 350°C . 

260°C - 124 Days „.„o„ „„ 
' 350"C - 76 Days 

Type M654 "Modified" 

Figure 3, Appearance of Corroded ALCOA Tube Specimens 

2X 
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It w a s a s s u m e d t h a t t h e c o r r o s i o n p e n e t r a t i o n a t t h e e n d s w a s a l o n g 

u n b o n d e d l o n g i t u d i n a l a r e a s r e s u l t i n g f r o m o x i d e s t r i n g e r s , h y d r o g e n -

f i l l e d v o i d s , a n d e x t r u s i o n n o n b o n d s . T o a m e l i o r a t e t h i s c o n d i t i o n , a f e w 

s p e c i m e n s of t h e m o d i f i e d M 6 5 4 w e r e v a c u u m h e a t t r e a t e d f o r 2 h r a t 

5 5 0 ° C b e f o r e c o r r o s i o n t e s t i n g a t 2 6 0 ° C , a n d c o m p a r e d w i t h " a s r e c e i v e d " 

c o n t r o l s i n t h e s a m e a u t o c l a v e . T h a t t h i s p r o v i d e d a b e n e f i c i a l e f f e c t i s 

e v i d e n t i n F i g u r e 4 . A t t h e e n d of 60 d a y s a t 2 6 0 ° C , t h e h e a t - t r e a t e d 

s p e c i m e n s h o w e d o n l y a v e r y s l i g h t t e n d e n c y f o r s w e l l i n g o n o n e e n d , w h i l e 

t h e e n d " b e l l i n g " i s q u i t e a p p a r e n t o n t h e " a s r e c e i v e d " c o n t r o l . A l a r g e 

f r a c t i o n of t h e s u r f a c e b l i s t e r i n g w a s a l s o e l i m i n a t e d b y t h i s t r e a t m e n t . 

As Received 

33474 Heat Treated 
2 Hour - 550°C 

M654 "Modified" - 60 Days - 260°C 

Figure 4. Beneficial Effect of Pre-corrosion Heat Treatment 

A r m o u r R e s e a r c h F o u n d a t i o n : In t h i s i n v e s t i g a t i o n a b r i d g e d d i e 

w a s e m p l o y e d i n t h e d e v e l o p m e n t of a m e t h o d f o r p r o d u c t i o n of p o w d e r -

p r o d u c t t u b i n g . T h i s m e t h o d h a d t h e a d v a n t a g e s of l o w e r c o s t a n d b e t t e r 

d i m e n s i o n a l c o n t r o l t h a n m a n d r e l e x t r u s i o n , b u t i t w a s d i f f i c u l t t o i n s u r e 

b o n d i n g of t h e m e t a l l i c s t r e a m s a f t e r t h e y h a d f l o w e d o v e r t h e m a n d r e l 

s u p p o r t . H i g h e r t h a n n o r m a l e x t r u s i o n t e n n p e r a t u r e s a n d c a r e f u l c o n t r o l 

of t h e e x t r u s i o n r a t e w e r e u s e d a t A R F i n t h e e f f o r t t o a c h i e v e t h i s 

o b j e c t i v e . 
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Tubing was p r e p a r e d at A R F f rom powder tha t had been a t o m i z e d 

and ba l l mi l l ed t h e r e , so that c o n t r o l of each p r o d u c t i o n s t e p w a s m a i n 

t a ined . The r e m o v a l of the m i l l i n g 

l u b r i c a n t was not s a t i s f a c t o r y , a s 

ev idenced by the d a r k e n i n g of s o m e of 

the m i l l e d powder in the oven d r y i n g 

following the l u b r i c a n t e x t r a c t i o n s t ep 

in the p r o c e d u r e . 

•i. 

•'^^•3. 
: . . / • .•j^-'.l • / 

..fX' 

. • • •'•'. f C. .: 

, ' • ' / ' . • • * • 

4 
Modified Kellers Etch 

64X 

T u b i n g f o r c o r r o s i o n t e s t i n g i n 

w a t e r a t 290 ' 'C w a s p r e p a r e d f r o m f o u r 

t y p e s of p o w d e r . M e t a l l o g r a p h i c e x 

a m i n a t i o n of t h e a s - r e c e i v e d t u b i n g 

i n d i c a t e d w i d e s p r e a d p o r o s i t y a n d 

n u m e r o u s c h u n k y i n c l u s i o n s . M e t a l 

f l o w l i n e s w e r e v i s i b l e i n t h e m a t e r i a l 

f r o m 7 2 - h r a n d 4 8 - h r b a l l - m i l l e d 

p o w d e r in t h e a s - p o l i s h e d c o n d i t i o n 

a n d b e c a m e v e r y p r o n o u n c e d o n e t c h 

i n g ( s e e F i g u r e 5 ) . T h e a s - a t o m i z e d 

t u b i n g m o s t l y s h o w e d p o r o s i t y a n d 

e v i d e n c e of s h o r t - r a n g e l o n g i t u d i n a l 

s t r i n g e r i n g . 

H o t t e n s i l e t e s t s w e r e p e r f o r m e d 

w i t h t h e r e s u l t s s h o w n i n T a b l e I I . 

Figure 5. Section of ARF Tubing Showing Metal 
Flow at Bond Line (Powder Milled 12 hr) R e l a t i v e l y s h o r t c r e e p t e s t s 

h a v e b e e n p e r f o r m e d o n t h r e e p o w d e r 

t u b e s a t 290°C a n d 2 .8 k g / m m ^ . T h e s e c o n d i t i o n s of t e m p e r a t u r e a n d s t r e s s 

w e r e c h o s e n a s r e p r e s e n t a t i v e f o r a t u b e in a n E B W R - t y p e r e a c t o r . T h e 

c r e e p c u r v e s a p p e a r r o u g h l y l i n e a r w h e n t h e s t r a i n i s p l o t t e d a g a i n s t l o g 

T a b l e II 

M E C H A N I C A L P R O P E R T I E S O F A R F T U B I N G A T 3 1 5 ° C 

As Atomized (A288 Alloy) 

1 w/o Ni-0 .5 w/o F e - 0 . 1 w/o Ti 

Bal l Milled 48 hr 
(A288) 

Bal l Milled 72 hr 
(A288) 

As Atomized (A341 Alloy) 

1 w/o Ni-0 .5 w/o F e - 0 . 3 w/o C r - 0 . 2 v//o Z r - 0 . 1 w/o Ti 

5.3 k g / m m ^ 

5.3 

6.5 

6.8 

8.1 

8.6 

6.5 

6.7 
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time (see Figure 6). Extrapolating the plots to 1% creep gave times of 
1 day for as-atomized A288 tubing, 30 days for as-atomized A341 tubing, 
and about 10,000 days for a tube manufactured from powder that was ball 
milled 48 hr. The time of the creep test (~2 weeks) was too short to have 
any confidence in the last value, but the numbers serve to illustrate the 
improvement. A piece of wrought alloy (A288 type) was observed to creep 
5% in less than one hour under these conditions. 

n \ \ 
AS ATOMIZED A288 AS ATOMIZED A34I 

( l % N i 0 5% Fe 0 1 % Ti) a-^ l A 2 8 e - 0 3% Cr 0 2 % Zrl 

106-6922 

Figure 6. Creep of Aluminum Powder-product Tubing at 2.8 kg/mm^and 290''C 

S p e c i m e n s w e r e exposed to 290°C w a t e r in the a s - r e c e i v e d , e tched , 
and the e t ched and v a c u u m - h e a t - t r e a t e d (2 hr at 550°C) cond i t ions . 

The f i r s t m a t e r i a l to fai l in the 290°C c o r r o s i o n t e s t was the s t r o n g 
p r o d u c t ( 7 2 - h r b a l l - m i l l e d powder ) . E x t e n s i v e c o r r o s i o n swel l ing was 
no ted a f t e r one month ; by two m o n t h s , longi tud ina l s t r e a k s of c o m p l e t e l y 
ox id ized m e t a l w e r e noted on m o s t s p e c i m e n s . No s igni f icant effect of the 
d i f fe ren t s a m p l e p r e p a r a t i o n s was noted for th i s m a t e r i a l . 

The a p p e a r a n c e of the a s - a t o m i z e d A288 and the 4 8 - h r b a l l - m i l l 
p r o d u c t (A288) a t o n e - m o n t h e x p o s u r e was qui te good. Only a few s m a l l 
b l i s t e r s a n d / o r m o u n d s w e r e noted in the d a r k c o r r o s i o n p roduc t . The 
a s - a t o m i z e d a l l o y 341 s a m p l e s w e r e m u c h m o r e s u s c e p t i b l e to s u r f a c e c o r 
r o s i o n and roughen ing , and looked qui te poor even a s e a r l y a s one month . 
V e r y l i t t l e change in any of the s p e c i m e n s was noted for the nex t 2 m o . 

By the t i m e a 4 - m o e x p o s u r e had been a c c u m u l a t e d , a c c e l e r a t e d 
a t t a c k w a s ev iden t on a l l t ypes of s p e c i m e n s . Many of the a s - a t o m i z e d 
s p e c i m e n s of both a l l o y s had su f fe red edge a t t a c k whi le the 4 8 - h r b a l l -
m i l l e d s a m p l e s w e r e c o r r o d e d s e v e r e l y in long i tud ina l s t r e a k s . Those 
s a m p l e s e x p e r i e n c i n g s e v e r e a c c e l e r a t e d a t t a c k w e r e r e m o v e d f r o m the 
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t e s t at th is pe r iod . The r e m a i n i n g s a m p l e s w e r e p r e p o n d e r a n t l y t h o s e 
which had r e c e i v e d the v a c u u m heat t r e a t m e n t p r i o r to c o r r o s i o n t e s t i n g . 

The surv iv ing s p e c i m e n s w e r e examined p e r i o d i c a l l y for e x p o s u r e 
t i m e s up to about 10 m o . T h e r e w e r e g rea t d i f fe rences in the c o r r o s i o n 
behav io r of tubing of the s a m e nomina l p r e p a r a t i o n t echn ique . F o r e x 
a m p l e , only two of t h i r ty a s s o r t e d in i t ia l s a m p l e s of the a s - a t o m i z e d tubing 
a p p e a r e d in good condit ion after 10-mo exposu re . Only t h r e e of fifteen i n 
i t i a l s a m p l e s f rom one length of the 48-h r b a l l - m i l l e d powder e x t r u s i o n s 
a p p e a r e d to be in fair condit ion. No s a m p l e s surv ived in good condi t ion 
f rom e i t he r the A34 1 ( s t ronge r ) a s - a t o m i z e d tubing or the 7 2 - h r b a l l -
mi l l ed A288 tubing. 

Some s a m p l e s had s t i l l appea red to be free f rom a c c e l e r a t e d c o r r o 
sion a t tack , but sect ioning of some of these "good" s p e c i m e n s showed in 
t e r n a l defects in each . Fo r example , m o s t of the c r o s s s ec t i on of the 
4 8 - h r b a l l - m i l l e d sample was uni formly co r roded , as in F i g u r e 7, but a t 
s e v e r a l spots c o r r o s i o n pene t ra t ion of the en t i re t h i ckness was noted , as 
in F i g u r e 8. By m e a n s of the m e t a l flow l ines these spots w e r e ident i f ied 
on etching as the bond a r e a between the joined m e t a l s t r e a m s e m e r g i n g 
f rom the b r idge die . All of the tubing types made by A R F exhib i ted t h e s e 
flaws, al though typica l ly only one or two of the bond a r e a s would be a t 
tacked out of four poss ib le zones . 

34839 
As Polished 

Figure 7, General Corrosion of 48-hr Ball-milled Powder-product 
Tube after 8 Mo in Water at 290°C 

W i t h t h i s i n m i n d , t h e few 1 0 - m o s u r v i v o r s 
w e r e g e n t l y c o m p r e s s e d 

l a t e r a l l y w i t h p l i e r s . A s e x p e c t e d , a l l c r a c k e d i n ' a b r i t t l e fa h ' •" 
l e a s t o n e l o n g i t u d i n a l a r e a w h e r e t h e m e t a l h a d b a . s n i o n i n a t 

T h e a t t a c k w a s q u i t e i n s i d i o u s , s i n c e t h e r e w a s p r l c t i r i u " ^ ^ * ^ ^ ^ p e n e t r a t e d , 
e v i d e n c e of t h e s e v e r e o x i d a t i o n , ^ ^° e x t e r n a l 
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34842 
As Polished 

Figure 8, Localized Corrosion of 48-hr Ball-milled Powder-
product Tube after 8 Mo in Water at 290°C 

H y d r o g e n a n a l y s e s w e r e p e r f o r m e d o n s o m e of t h e u n c o r r o d e d 

t u b e s . H y d r o g e n c o n t e n t s w e r e of i n t e r e s t b o t h a s a r o u g h m e a s u r e of 

p o r o s i t y a n d b e c a u s e t h e v a c u u m h e a t t r e a t m e n t ( w h i c h r e m o v e s m u c h of 

t h e a s - p r o d u c e d h y d r o g e n ) h a d s u c h a b e n e f i c i a l e f f e c t o n t h e c o r r o s i o n 

r e s i s t a n c e of t h e a s - a t o m i z e d A 2 8 8 p o w d e r p r o d u c t . I n i t i a l l y , t w o t u b e s 

w i t h g o o d c o r r o s i o n r e s i s t a n c e a n d t w o t u b e s w i t h p o o r r e s i s t a n c e w e r e 

a n a l y z e d ( s e e T a b l e I I I A ) . T h e r e a p p e a r e d t o b e a c o r r e l a t i o n of p o o r 

T a b l e III 

HYDROGEN C O N T E N T O F P O W D E R - P R O D U C T T U B E h 

Type 

A 

B 

C 

D 

As A t o m i z e d 
A288 Al loy 

B a l l e d M i l l e d for 
48 h r - A288 

B a l l e d M i l l e d for 
72 h r - A288 

As A t o m i z e d 
A341 Al loy 

C o r r o s i o n 
R e s i s t a n c e 

Good 

P o o r 

Good 

P o o r 

V e r y P o o r 

P o o r 

H y d r o g e n , 
p p m 

4.5 
4.5 

11.8 
12.2 

11.9 
20.9 

18.4 
25.6 

25.7 
27.0 

2.4 
3.5 



16 

r e s i s t a n c e with i n c r e a s i n g hyd rogen con ten t for the a s - a t o m i z e d tub ing . 
However , the c o r r e l a t i o n b r o k e down when the o t h e r tubing t y p e s w e r e 
ana lyzed , p a r t i c u l a r l y the a s - a t o m i z e d 341 -a l l oy tub ing . 

A t e s t was a l so p e r f o r m e d in which a s - a t o m i z e d s a m p l e s w e r e 
heat t r e a t e d in a muffle (a i r ) furnace at 550°C for 2 h r and s u b s e q u e n t l y 
exposed to 290°C w a t e r . T h e s e s p e c i m e n s a l s o showed i n c r e a s e d c o r r o 
sion r e s i s t a n c e over the a s - r e c e i v e d c o n t r o l s . Since t h e s e s a m p l e s and 
the vacuum t r e a t e d s p e c i m e n s w e r e not c o m p a r e d for the s a m e p e r i o d in 
the s a m e au toc lave , it is difficult quan t i t a t i ve ly to c o m p a r e the i m p r o v e 
men t afforded by the two types of hea t t r e a t m e n t . Qua l i t a t i ve ly , the v a c u u m 
heat t r e a t m e n t a p p e a r e d to i n c r e a s e the c o r r o s i o n r e s i s t a n c e m o r e than 
t r e a t m e n t in a i r . 

A few s a m p l e s of the a s - a t o m i z e d and the 4 8 - h r b a l l - m i l l e d t ubes 
w e r e t e s t e d for 355 days in a s m a l l au toc lave in a 350°C oven. No q u a n 
t i ta t ive m e a s u r e of c o r r o s i o n was employed excep t to po l i sh c r o s s s e c t i o n s 
of the c o r r o d e d s a m p l e s and c o m p a r e t h e m v i s u a l l y wi th u n c o r r o d e d tubing. 
T h e r e was l i t t le l o s s of wal l t h i c k n e s s and no "end b e l l i n g . " Some of the 
bond l ines had suffered a t tack , and the tube s a m p l e s fai led a long t h e s e l ines 
when c o m p r e s s e d with a p l i e r s . T h e r e was m o r e duc t i l i ty to t h e s e f a i l u r e s 
than those with the 290°C t e s t s p e c i m e n s . 

T o r r a n c e B r a s s Company: Some add i t i ona l A288 a s - a t o m i z e d , 
finned tubing was d i r e c t l y ex t ruded over a m a n d r e l f rom b i l l e t s supp l ied 
by A R F . This m a t e r i a l was of about the s a m e c o r r o s i o n r e s i s t a n c e a s the 
a s - a t o m i z e d A288 tubing ex t ruded th rough the b r i d g e die by A R F and 
showed the s a m e i m p r o v e m e n t with v a c u u m hea t t r e a t m e n t . T h i s s u g g e s t s 
that a s ignif icant por t ion of the c o r r o s i o n r e s i s t a n c e of the f inal p r o d u c t 
is d e t e r m i n e d in the s t eps p r i o r to f inal e x t r u s i o n . F i g u r e 9A i l l u s t r a t e s 
the a p p e a r a n c e of a v a c u u m h e a t - t r e a t e d s p e c i m e n a f te r 515 d a y s in w a t e r 
at 290°C. F i g u r e s 9B and C show the b r i t t l e f r a c t u r e of a s i m i l a r tube 
when c o m p r e s s e d l a t e r a l l y with o r d i n a r y p l i e r s . E s s e n t i a l l y a l l of the 
m e t a l had been conver t ed to oxide. 

Tubing End C l o s u r e s 

S e v e r a l m e t h o d s of c los ing the tube ends w e r e judged f e a s i b l e . The 
following m e t h o d s w e r e b a s e d on the e x p e r i e n c e of o t h e r s in deve lop ing 
p o w d e r - p r o d u c t tubes for o r g a n i c - m o d e r a t e d r e a c t o r s and a l s o on fue l -
fabr ica t ion deve lopmen t s at Argonne : 

1) eu tec t ic (Ag or Cu) p r e s s u r e bond ing ; ' ^ ) 

2) f lash weld ing ; ' ^ ) 

3) e l e m e n t a l s i l i con bonding.(9) 
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As Corroded 
Figure 9. Appearance of Tubing, Extruded by Torrance Brass, 

after 515 Days in 290°C Water 

Of the t h r e e m e t h o d s , the eu t ec t i c p r e s s u r e bond had b e e n deve loped 
by A t o m i c s I n t e r n a t i o n a l (Al) spec i f i ca l ly for tubing end c l o s u r e s and thus 
s e e m e d the m o s t l ike ly p r o s p e c t for the EBWR p r o g r a m . F o r th i s r e a s o n , 
t ubes and c a p s supp l ied by A N L w e r e jo ined a t Al, After a few r e l a t i v e l y 
s h o r t c o r r o s i o n t e s t s it a p p e a r e d that the s i l v e r eu tec t i c p rov ided b e t t e r 
bonding and c o r r o s i o n r e s i s t a n c e than the coppe r e u t e c t i c . Acco rd ing ly , 
a n u m b e r of ALCOA M654 powder tubes (20 c m long) w e r e s e a l e d by the 
s i l v e r e u t e c t i c p r o c e s s with sol id end p lugs m a d e f rom wrought a l loy of 
the s a m e c o m p o s i t i o n . 

A s h o r t (7 days ) c o r r o s i o n t e s t of s e v e r a l of t h e s e s e a l e d t ubes in 
290°C w a t e r qu ick ly showed tha t t h i s bond, a l though in i t i a l ly h e l i u m l eak 
f r e e , had an u n s a t i s f a c t o r y r e s i s t a n c e to c o r r o s i o n p e n e t r a t i o n (see F i g 
u r e lO). The b u l g e s in the c i r c u m f e r e n c e of the s a m p l e shown in F i g 
u r e 10 w e r e l a r g e r hol low b l i s t e r s be fo re the s a m p l e was sub jec ted to 
B a k e l i t e moun t ing p r e s s u r e s . Al though not shown in th i s f igure , s o m e 
jo in t a r e a s did exhib i t good c o r r o s i o n r e s i s t a n c e . M e t a l l o g r a p h i c e x a m i 
na t ion i n d i c a t e d tha t t h e s e spo t s had a r e l a t i v e l y b e t t e r bond be tween the 
tube and plug than the o t h e r a r e a s wi th p o o r e r c o r r o s i o n r e s i s t a n c e (see 
F i g u r e s 11 and 12). 

S e v e r a l m o d i f i c a t i o n s of the bonding t echn ique w e r e t r i e d by Al , 
bu t h i g h - t e m p e r a t u r e w a t e r s e l e c t i v e l y c o r r o d e d the bond line in s o m e 
a r e a s on a l l s p e c i m e n s . 
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As Polished 

Exposed 7 Days to 290°C Water 

Figure 10. Section through a Failed End Closure 

Etched 
290°C - 7 Days 

Figure 11. Bond Area of Failed Closure 
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' . ' • • ' • • • • • • : v . " , • ' . 

•'•^'"f Etched 80X 
290°C - 7 Days 

Figure 12. Bond Area of "Good" Closure 

F . M c C u a i g of t h e A N L C o a t i n g s a n d J a c k e t i n g G r o u p t h e n u s e d a 

" m o t o r a r c " e l e c t r i c w e l d e r t o f u s i o n w e l d t h e e n t i r e e n d of s o m e of t h e 

t u b e s b o n d e d b y A l . T h e a d d i t i o n a l w e l d i n g p r o c e s s g r e a t l y i n c r e a s e d t h e 

r e s i s t a n c e t o c o r r o s i o n p e n e t r a t i o n . F o r e x a m p l e , f i v e t u b e s t r e a t e d i n 

t h i s f a s h i o n w e r e t e s t e d f o r a t o t a l of 2 9 2 d a y s i n 2 9 0 ° C w a t e r a n d s h o w e d 

n o n e of t h e u s u a l v i s u a l i n d i c a t i o n s of b o n d f a i l u r e ( s e e F i g u r e 13) . T r a n s 

v e r s e s e c t i o n s of s e v e r a l b o n d e d t u b e e n d s a l s o i n d i c a t e d n o c o r r o s i o n 

p e n e t r a t i o n . S o m e of t h e h e a v y c o r r o s i o n p r o d u c t f l a k e d off t h e o u t s i d e of 

t h e t u b e e n d s a f t e r l o n g e x p o s u r e , b u t t h e s e r e l a t i v e l y b a r e s p o t s w e r e n o t 

a t t a c k e d o n s u b s e q u e n t e x p o s u r e . 

n|i|i|i|iii|i|i|'|i!i|iji|i|mm|i|i|'|i|in|T|i|i|i|i]i|i|i|i|i|i!ip^ 

. i i i aMt i ^ i i i i i f i iB -1 1-1 fi .1 T, ,̂  

37069 1/2X 

Figure 13. Appearance of Sealed Tubes after 292 Days in 290°C Water 
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The tubes themselves had collapsed since M654 tubing did not have 
sufficient creep strength to withstand the vapor p ressure of the water at 
290'=C The internal surfaces of the tubes were still bright, substantiatmg 
the observation that penetration of the bonds had not occurred. 

Experimental Rod Extrusions 

Armour Research Foundation: During the course of the ARF con
tract many small (0.32-cm-OD) rods were extruded for evaluation of 
mechanical properties. A smaller number of the promising extrusions 
were also corrosion tested in 29000 water for extended periods. The per
tinent fabrication and mechanical properties data as reported by ARF are 
shown in Table IV with a generalized corrosion evaluation added in the 
last column. A graphical representation of the actual corrosion data is 
given in Figure 14. The spread in values of metal loss of the various ex
trusions increased as the test progressed. Even for the better extrusions 
the corrosion rate appeared to increase slightly with prolonged exposure. 

Table E 

PROPERTIES OF ARF EXPERIMENTAL ROD EXTRUSIONS 

Alloy 

l l l l 

1 
1 

2l2l 

2 
2 

2 
2 
2 

2 
2 

2 
2 

2 

Sample 
Number 

2K4 
2U! 
2V1 

2F1 
201 
2P1 

2G1 
2H1 
211 

2S1 
2T1 

201 
2R1 

2E1 

Oispersant 

None 
None 
None 

4 w/o AI203 
5 w/o AI2O3 
6 w/o AI2O3 

6 w/o ZrC 
8 w/o ZrC 
10 w/o ZrC 

3W/0AIPO4 
5W/0AIPO4 

3 w/o 5102 

4 w/o Si02 

5 w/o SIC 

Powder 
Mil l Time. 

hr 

72 
72 
72 

340 
340 
340 

340 
340 
340 

340 
340 

340 
340 

340 

Extrusion 

Temp, 
°C 

510 
522 
448 

510 
510 
510 

595/455 
510 
510 

510 
SIO 

510 
510 

510 

Ratio 
N:l 

50 
90 
50 

50 
50 
50 

50 
50 
50 

50 
50 

50 
50 

50 

UTS, kg/mm2 

27°C 

21,1 
19.0 
22.0 

24.3 
22.6 
22.6 

25.1 
25.5 
21,8 

21,0 
24,5 

23.5 
23,8 

25,1 

350'>C 

9.4 

9,6 

11,0 
11.1 
9.2 

11.7 
9,9 

9,0 
9,8 

YS, k9/mm2 

27°C 

16.7 
14,0 
17,7 

18,1 
18,4 
15.1 

18.0 
18.0 
17.6 

15.9 
16,2 

15,0 
17.0 

17,6 

350°C 

8,3 

9,1 

10.5 
9.6 
7.8 

10.9 
9.5 

8,7 

9,5 

% Elongation 

27°C 

16 
25 
25 

12 

15.6 

3.1 
5.5 
6.3 

9,4 
3,0 

25 
15,6 

-

350°C 

8,4 

9 

4,3 
4.2 
4 

8 
4.2 

8 
8 

Corrosion*3l 

G 
G 

R178I 

FI29I 
FI29I 
FI179) 

G 
G 

F(871 

G 
G 

G 
G 

G 

' • 'Al loy 1 - IA288) 1% Ni, 0.5% Fe, 0,1% Ti, 0.005% Si, 

<2)Altoy 2 - 1% Ni, 0.1% Ti. 

'^^G means sample survived 270 days in 290°C water in good condition. F means corrosion (allure at the indicated 
number of days in parenttieses. 

Those products with added AI2O3 (Linde B powder) were most sus
ceptible to failure. Sections through samples of the 2F1 extrusion showed 
that the Al^Oj powder had "balled up" in discrete pockets. Other particulate 
additives of ZrC, A1P04, SiC, or SiO^ apparently improved the corrosion 
resistance to 290°C water when present in the range from 3 to 8%. 

Hydrogen analyses were performed on uncorroded rods. During 
this operation it was noted that several of the powder products were at
tracted to a powerful permanent magnet. Analyses of the powder products 
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showed a substantially greater amount of iron was present in the product 
than in the original alloy. These resul ts are shown in Table V. 

20 
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Figure 14, Corrosion of Experimental Rod Extrustions (ARF) 
in 290°C Water 

T a b l e V 

IRON AND HYDROGEN CONTENTS OF 
SELECTED ARF EXTRUSIONS 

Sample 

2H1 
2T1 
2S1 
2E1 
2R1 
2K4 
2U1 
2V1 

w / o I ron 

N o m i n a l 

0 
0 
0 
0 
0 

0.5 
0.5 
0.5 

Ana lyzed 

2.9 
0.2 
0.2 
3.2 
2.3 
0.5 
0.5 
0.5 

Hydrogen , 
ppm 

244 
246 

88 

91 
67 

216 

D i s p e r s a n t 

Z r C 
AIPO4 
AIPO4 

SiC 
SiO 

None 
None 
None 

Arranged in order of increasing total corrosion at 270 days 
reading down the column. (2V1 failed at 178 days.) 

Apparently the abrasive dispersants removed metal from the stain
less steel mil l and balls. The severely worked stainless steel powder would 
be expected to be magnetic. There appeared to be no correlation between 
hydrogen content or iron pickup and corrosion resis tance. 
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Aluminum Company of America: A small quantity of an experi -
mental ALCOA powder product containing 1.4% Ni and 1,4% Fe m re aUvely 
pure aluminum was tested in 315°C water flowing at 5.5 m/ sec for 147 days. 

Observations of the samples were made at approximately one-month 
intervals. The samples had numerous sma 11 blisters after one month, which 
continued to grow slowly throughout the test. By 2 mo the b l i s ters were 
large enough to cause the material to be classed as unsatisfactory, but 
since other wrought alloys in the test were performing well, testing was 
continued out of curiosity. 

At 147 days, several of the blisters had protruded 0.75 mm. Sec
tioning indicated that penetrations of 1.3 mm occurred under some bl is ters . 
The average metal losses of the surfaces not blistered could not be p re 
cisely determined because of the bl is ters , but t ransverse sections of sam
ples suggested a low uniform rate of attack that would be satisfactory in 
the absence of the bl is ters . A single value of the metal loss was obtained 
at 29 days for an essentially blister-free sample. The metal loss of 
4.2 mg/cm^ compared favorably with a value of 4,7 mg/cm^ for one of the 
better wrought alloys in the same test. The powder samples did not suffer 
the edge corrosion previously described for other powder products. 

Trefimetaux: Herenguel and Lelong at Trefimetaux, Service des 
Etudes et Fabrications Nucleaires, supplied small amounts of several dif
ferent powder products for corrosion evaluation. The pertinent mechanical 
and chemical data are shown in Table VI. In this table the second letter of 
the designation, i.e., J, M, G, or H, denotes the extrusion ser ies . 

Table VI 

PROPERTIES OF TREFIMETAUX POWDER PRODUCTS 

Des igna t ion 

BJ4B4 
BJ4A4 

BM4B4 
BM4A4 

BG4B4 
BG4A4 

BH4B4 
BH4A4 

Composi t ion , 
w / o 

N i 

1 

1 

0 . 9 

0 .9 

F e 

1 

1 

2 .3 

2 .3 

UTS, 
k g / m m 

25°C 

25-30 

22-28 

15-20 

17-22 

2 

350°C 

8 - 9 

7 - 8 

5 - 6 

6 - 7 
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The products were exposed to static 290°C water for 293 days. 
Both extrusions and thin-sheet samples hot rolled from them were tested. 
The sheets were used to approximate the sample surface-to-volume ratio 
of tubing specimens. All demonstrated very satisfactory corrosion r e 
sistance, although minor defects, such as small oxide-filled protuberances, 
were observed (see Figure 15), The M and H series of as-extruded rod 
specimens developed a saw-tooth attack on one edge of the rectangular 
c ross - sec t ion extrusion when first exposed. This did not continue to de
velop with increasing time and may have been related to poor lubrication 
of the extrusion die at that point, with resultant defects. 

36967 
Type BH4A4 Type BJ4B4 

Figure 15. Trefimetaux Corrosion Specimens after 293-day 
Exposure to 290°C Water (Static) 

Small b l is ters and minor surface eruptions were noted on the thin-
sheet specimens. Dark specks in the eruptions, with a brown-red stain 
around the spot, suggested that these were the results of iron inclusions 
in the aluminum. No edge swelling due to corrosion was noted, but on the 
G and M ser ies a number of slightly raised ridges of oxide ran from one 
edge of the specimen to the other, parallel to the rolling direction. At
tempts to identify the source of the ridges were inconclusive, and they all 
but disappeared with continued corrosion exposure. 



24 

Values of m e t a l l o s s w e r e obtained for s e v e r a l s p e c i m e n s of the 
r o l l e d shee t at t h r e e different e x p o s u r e t i m e s , with the r e s u l t s shown in 
Tab le VII. It i s difficult to c o m p a r e p r e c i s e l y the c o r r o s i o n r a t e s of a l u m i 
n u m p r o d u c t s c o r r o d e d in different t e s t s s ince both the a m o u n t of a l u m i n u m 
a r e a and the amoun t of r e f r e s h m e n t can c a u s e v a r i a t i o n s in c o r r o s i o n r a t e . 
Within t h e s e l i m i t a t i o n s , it a p p e a r s that the T r e f i m e t a u x powder p r o d u c t s 
have a s good or b e t t e r c o r r o s i o n r e s i s t a n c e than the b e s t A R F e x t r u d e d 
rod p r e v i o u s l y d e s c r i b e d . 

Table VII 

AQUEOUS CORROSION O F T R E F I M E T A U X POWDER 
PRODUCTS AT 290°C 

P r o d u c t 

BJ4A4 
BJ4B4 
BH4A4 
BH4B4 

BG4B4 
BM4A4 
BM4B4 

BM4A4 
BG4B4 
BH4B4 

T i m e , 
days 

189 
189 
189 
189 

251 
251 
251 

293 
293 
293 

Defi lmed 
M e t a l L o s s , 

m g / c m ^ 

11.0 
9.2 

10.3 
11.4 

11.6 
11.7 
11.3 

12.3 
12.0 
12.5 

A v e r a g e 
P e n e t r a t i o n , 

40 
33 
37 
41 

41 
42 
40 

44 
43 
45 

Unfor tunate ly , the dynamic c o r r o s i o n behav io r at 315°C (with w a t e r 
flowing at 5.5 m / s e c ) was not as s a t i s f ac to ry . Cones of a h a r d , v e r y d a r k 
c o r r o s i o n p roduc t (up to 1 m m in d i a m e t e r and height) w e r e f o r m e d on the 
s u r f a c e of some of the s p e c i m e n s in as l i t t le as 30 days . The n u m b e r and 
s ize of t h e s e cones i n c r e a s e d in the o r d e r : H ex t ru s ion s a m p l e s ( lowes t ) ; 
M ( i n t e r m e d i a t e ) ; and G (mos t and l a r g e s t ) . D i s p r o p o r t i o n a t e l y s m a l l p i t s 
w e r e loca ted unde r s o m e cones ; under o t h e r s t h e r e w e r e none . X - r a y 
a n a l y s i s of the cones was confused by the l a r g e n u m b e r of l i ne s ob ta ined 
even af ter those for b o e h m i t e , the n o r m a l a l u m i n u m c o r r o s i o n p r o d u c t , 
w e r e de le ted . 

After 89 days of e x p o s u r e por t ions of the outer l a y e r s of oxide 
tended to flake off a s the s a m p l e d r ied , giving the a p p e a r a n c e shown in 
F i g u r e 16. The b l ack cones p r e v i o u s l y d e s c r i b e d a r e p a r t i c u l a r l y n o t i c e -
ab le on the lower s a m p l e (G2). 
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Figure 16. Trefimetaux Corrosion Specimens after 89 Days 
in 315°C Water Flowing at 5.5 m/second 

T h e m e t a l - l o s s d a t a w e r e l i m i t e d b y t h e s m a l l n u m b e r of s p e c i m e n s 

a v a i l a b l e . T h e c o r r o s i o n of t h e s e s p e c i m e n s i s c o m p a r e d w i t h t h a t of o n e 

of t h e b e t t e r w r o u g h t a l l o y s ( m e a s u r e d i n t h e s a m e e q u i p m e n t ) in F i g 

u r e 17 . T h e s e p o w d e r p r o d u c t s a p p e a r t o s u f f e r c o n s i d e r a b l y m o r e c o r r o 

s i v e a t t a c k i n t h i s e n v i r o n m e n t t h a n d o e s t h e w r o u g h t a l l o y . 
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Figure 17. Corrosion of Trefimetaux Specimens 
in Flowing Water 
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DISCUSSION 

It is obvious f rom the p r e s e n t a t i o n of the da ta that the o r i g i n a l 
p r o b l e m of poor r e p r o d u c i b i l i t y of c o r r o s i o n r e s i s t a n c e f r o m one powder 
p roduc t to ano the r has not been e l imina t ed . However , the p r o g r e s s m a d e , 
p a r t i c u l a r l y by the F r e n c h at T r e f i m e t a u x , i s e n c o u r a g i n g . 

Of a l l the powder p roduc t s t e s t e d in compi l ing the da ta for t h i s r e 
por t , only t h r e e v a r i e t i e s failed r ap id ly in c o r r o s i o n t e s t i n g : M655 tubing 
(ALCOA), A288 tubing f rom 72-hr b a l l - m i l l e d powder (ARF), and e x p e r i 
m e n t a l r o d s m a d e f rom a l u m i n u m powder mi l l ed with added AI2O3 (Linde B) 
powder . 

The l a s t n a m e d had obvious pocke t s of po rous oxide and m e t a l b e 
nea th the s u r f a c e to expla in i t s poor c o r r o s i o n r e s i s t a n c e . F o r the o t h e r 
two it has been a s s u m e d that the kneading ac t ion of the b a l l m i l l i n c o r 
p o r a t e d mi l l i ng l ub r i can t (usual ly of the s t e a r i c ac id fami ly) in to the powder 
in such a way that it was not subsequen t ly r e m o v e d . C o m p a c t i n g and e x 
t r u s i o n t e m p e r a t u r e s and p r e s s u r e s would then be expec ted to d e c o m p o s e 
the t r a p p e d lub r i can t . The end p roduc t s might be hydrogen gas (po ros i t y ) 
and an a l u m i n u m - c a r b o n compound. A finished p roduc t con ta in ing a c o m 
pound of th is s o r t would be expec ted to have poor c o r r o s i o n r e s i s t a n c e . 
F o r e x a m p l e , a ca s t ing of an A l - N i - F e al loy that was d e l i b e r a t e l y o v e r 
hea ted (to ~1150°C) in a c a r b o n c r u c i b l e did show v e r y poor c o r r o s i o n 
r e s i s t a n c e in w a t e r . 

P o w d e r p roduc t s with i n t e r m e d i a t e c o r r o s i o n r e s i s t a n c e a p p e a r e d 
to suffer f rom s t r i n g e r s of inc lus ions and po ros i ty . T h e s e long i tud ina l 
s t r i n g e r s r e s u l t in pene t r a t i ng a t t ack upon pro longed e x p o s u r e a long the 
r e l a t i v e l y open pa ths into the m e t a l . Holding the powder p r o d u c t s at a 
s i n t e r i n g t e m p e r a t u r e p r i o r to c o r r o s i o n t es t ing m a y have he lped to b r e a k 
the p o r o s i t y s t r i n g e r s , e i t he r by r emov ing the hydrogen (vacuum) o r by 
a c c u m u l a t i n g the gas into l a r g e r d i sconnec ted pocke t s . D i s c r e t e m i c r o 
scop ic hydrogen bubbles have been o b s e r v e d to fo rm in c r e e p - t e s t s p e c i 
m e n s held for a long t i m e at high t e m p e r a t u r e . w ) 

A t e s t t e m p e r a t u r e of about 290°C proved to be m o r e s e v e r e than 
one of 350°C for the l o w - s i l i c o n powder p r o d u c t s . T e s t d u r a t i o n s of about 
100 days m i n i m u m (at 290°C) a p p e a r e d n e c e s s a r y for the d e v e l o p m e n t of 
the p e n e t r a t i n g edge a t t a c k on those s a m p l e s which w e r e i n t e r m e d i a t e in 
c o r r o s i o n r e s i s t a n c e . It is not c e r t a i n that th is mode of a t t a c k would be 
s igni f icant in r e a c t o r fue l -c ladding appl ica t ion s ince the ends sub j ec t to 
p e n e t r a t i n g a t t a c k would p robab ly be sea led f rom the coo lan t . 

The c o r r o s i o n r e s i s t a n c e of the s m a l l e x p e r i m e n t a l rod e x t r u s i o n s 
m a d e with p a r t i c u l a t e add i t ives is difficult to r a t i o n a l i z e . The o r i g i n a l 
in ten t of the add i t ives was to prov ide i n c r e a s e d s t r e n g t h a t e l e v a t e d t e m 
p e r a t u r e . Th i s did not occu r to any signif icant ex tent . H o w e v e r s e v e r a l 
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of the additives did improve the long-term corrosion resistance. Perhaps 
their presence in the ball-milling operation modified the kneading process 
enough to minimize the retention of the milling lubricant within the powder. 
Hydrogen analyses of these and other products indicated no direct cor re la 
tion between gas content and corrosion res is tance. 

The Trefimetaux powder products had the most satisfactory cor
rosion res i s tance of all those tested at 290°C. Since the silicon content of 
the specimens was not analyzed, it is not known if these particular extru
sions would perform as well at t empera tures of the order of 350°C. If an 
equivalent grade of tubing (of low-silicon content) could be produced, it 
would appear to be satisfactory for application in typical boiling water 

The poorer (relative to a wrought alloy) corrosion performance of 
these powder products in flowing water at 315°C indicated that exact equiv
alence to wrought alloy res i s tance has still not been achieved. 

Maintaining the corros ion res i s tance of thin-wall powder-product 
tubing appears to be somewhat more difficult than for other solid extrusion 
shapes. Perhaps the large rat io of die contacting surface to aluminum 
metal volume encourages the incorporation of t r amp mater ia l and decom
posed lubricants into the surface layer of the finished tubing. Such a sur
face layer of poor corros ion res i s tance has been noted for some experimental 
tube extrusions. Inadequate die lubrication, complicated by the large 
surface-to-volume rat io of the tubing extrusion, could also resul t in a jerky 
extrusion with a l ternate compact and porous sections of the extruded tube. 

The use of a bridge die in extruding powder tubing resulted in selec
tive attack (after extended exposure) of some of the seams formed in r e -
welding the flowing metal s t r eams during extrusion. Since some seams 
did not suffer selective attack it might be possible to use this extrusion 
method with powder bi l lets , but only after the seam problem had been 
overcome. 

Kittel^l'^' has recently observed only minor dimensional changes 
in prototype elements , consisting of UOj pellet fuel in wrought aluminum 
alloy (A288) jacketing, during reac tor i rradiat ion in flowing water at 243°C. 
This adds a new perspective in considering the requirements for powder 
products; quite possibly there a re reactor applications where the weaker 
wrought alloys a re acceptable. 
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